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Abstract 
Studying the parameters of fuel explosion fireball is an important measure for hazardousness assessment. In this paper, traditional 
methods are summarized and a new method of fireball characterization by which the heat released from detonation agent and 
liquid fuel could be distinguished is presented. In this method, the explosion processes, explosion properties and explosion 
damage are studied by capturing the high speed images and thermal images of explosion fireball. Among them, the analysis of 
explosion properties is the most important part, including fireball size, spreading rate of fireball diameter, surface temperature 
and radiation intensity of fireball. The hazardousness of liquid fuel field explosion could be evaluated through both 
single-parameter and multi-parameters combined in this method. Four examples are selected to indicate the effectiveness of this 
method. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of scientific committee of Beijing Institute of Technology. 
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1. Introduction 
Liquid fuel including diesel and gasoline is one of the important and versatile fuel in both military and civilian. 
Extremely high risk of human casualties and property losses is brought by explosion accidents of liquid fuel and the 
study on explosion properties of this kind of fuel when getting impacted has drawn more and more attention[1]. 
Recently a great number of hazardousness assessment methods of liquid fuel field explosion have been reported and 
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could be classified as three species. 
Method of high speed imaging[2-3]: Images of expanding process of fireball are continuous captured by 
high-speed camera, therefore the status of fuel dispersion and explosion are observed, the volume and duration of 
fireball are obtained as well which provide the basis for hazardousness assessment of fuel explosion. This method 
does have the merits of intuitive and safe, but is weak in qualitative analysis, beside, the temperature parameters of 
fireball are not able to be researched by this method. 
Method of overpressure measuring[4-5]: In order to evaluate the blast power of liquid fuel based on the 
overpressure, sensors of pressure are used for measuring shock wave parameters of fuel explosion so that the 
detonation velocity, maximum pressure and maximum rate of pressure rising etc are calculated. This method is 
extensively used in experiment of FAE explosion, however compared with FAE the explosion overpressure of 
traditional liquid fuel(diesel and gasoline etc) is relatively low which lead to the inefficiency in the pressure data 
collection of fuel fireball. In conclusion, assess the hazardousness of liquid fuel explosion through overpressure 
measuring method is Inappropriate. 
Method of thermal imaging[6-8]: The temperature field of fuel explosion fireball was researched by thermal 
imaging technologies in this method to track the fireball parameters including maximum temperature, duration of 
high temperature, diameter and volume, further more, spatial-temporal distribution and change trend of fireball 
temperature is obtained. Due to the heat effect of liquid fuel detonation is extremely evident, this method is the most 
thriving way to research the explosion fireball quantitatively with the advantages of accurate and safe. However, the 
image processing in this method leaves a lot to be desired by far, and the interference of heat released from 
detonation agent has not been considered in the analysis of liquid fuel fireball. Therefore data analysis is required to 
be improved in the method of thermal imaging. 
In this paper, we present a new and effective hazardousness assessment methods of liquid fuel field explosion by 
means of high speed imaging and thermal imaging system which combines the advantages of both. In this method, 
the heat released from detonation agent is distinguished from that of the liquid fuel to reduce interference. In order 
to assess the hazardousness effectively, the status of diesel dispersion and damage volume of simulate fuel tank are 
researched, explosion fireball parameters including size, spreading rate of diameter, surface temperature and 
radiation intensity are calculated as well. 
2. Experiments processes 
2.1. Basis of experiments 
The cause of fuel field explosion accident could be classified as three categories, liquid fuel being impacted 
fiercely, being attacked by shells in battlefield and being ignited in high temperature environments, therefore static 
detonation tests, field shelling tests and cook-off tests are selected to simulate the practical situation. 
In order to compare and contrast the explosion fireball properties of different fuels, diesel, 
water-emulsified-diesel and explosion-suppression diesel are selected as experimental samples. 
2.2. Capture of data 
Deploy the high-speed camera and thermal imager system 30 meters away from detonation center for capturing 
explosion data of different liquid fuel safely. The data from four typical experiments of liquid fuel field explosion is 
selected as calculation examples to verify the effectiveness of this method. 
Exp.1: Fuel tanks filled with diesel, diesel with spherical explosion-suppression materials and 
explosion-suppression diesel are respectively detonated by means of Hexal explosives. 
Exp.2: Fuel tanks filled with diesel and water-emulsified-diesel are respectively detonated by means of Ф30 mm 
fragmentation explosive incendiary shells. 
Exp.3: Fuel tanks filled with diesel and explosion-suppression diesel are respectively detonated by means of Ф30 
mm fragmentation explosive incendiary shells. 
Exp.4: Fuel tanks filled with diesel and diesel with spherical explosion-suppression materials are respectively 
cooked off by means of firewoods. 
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3. Results and analysis 
3.1. Analysis on explosion processes 
Explosion fire ball occurred due to explosive energy acting on aerosols which result from quick mixing of air and 
diesel that was dispersed from the fuel tank after initiation of detonation agent[9]. And then the flame of fireball 
preheated fuel-air mixture, which promoted the evaporation, pyrolysis, ignition and combustion of fuel droplets, in 
that way, the fireball expanded. 
Set the initiation time of detonation agent(t0) as zero point and analyse the pictures of high-speed camera which 
were taken after this time so that the process of fuel dispersion was observed, the ignition time(t1) of fuel cloud was 
obtained as well. The ignition time(t1-t0) is an important index for analysing liquid fuel explosion hazardousness 
which reflect the explosion sensitivity of fuel[10]. In order to reduce the interference of heat released by detonation 
agent, only those thermal images which were taken after the clock of t1 should be remained in the analysis of fuel 
fireball, as the fireball of detonation agent nearly extinguished at that time. The data of Exp.1 was selected as 
example to indicate the effectiveness of this method.  
3.1.1. Status of diesel dispersion 
The anti-dispersion property is an important index of fuel safety[11]. As shown in Fig. 1, after detonation, there 
were great numbers of diesel droplets with small diameter dispersed from tank and uniformly mixed with air; the 
amount of dispersed diesel from tank with spherical explosion-suppression materials was less, because the materials 
limited the movement of diesel and reduce the driving force of oil dispersion by partly absorbing the energy of 
explosion[12]; the dispersed explosion-suppression diesel was not in form of clouds but blocks and the mixing 
degree of air and fuel was extremely low. It is showed that the explosion hazardousness of explosion-suppression 
diesel and diesel with explosion-suppression materials is significantly lower than that of the diesel. 
 
 
 
 
 
 
 
 
 
 
 
 
(a) diesel                  (b) diesel with explosion-suppression materials      (c) explosion suppression diesel 
Fig. 1. Typical photos of dispersion status of fuels in exp.1 (10ms after t0). 
3.1.2. The ignition time of fuel clouds 
The ignition time of different fuel clouds are listed in Table 1. Ignition occurred on diesel cloud at the clock of 
9ms after initiation. While the ignition time of fuel clouds from 2#tank is 72ms which is 8 times as long as that of 
diesel due to the effect of spherical explosion-suppression materials: the propagation of shock wave was weaken 
therefore fuel dispersion and energy acted on fuel cloud were reduced so that the process of evaporation, pyrolysis, 
ignition and combustion of diesel droplets was delayed[9]. Explosion-suppression diesel dispersed from 3#tank did 
not combust at all which indicate the excellent explosion suppression performance and extremely low explosion 
hazardousness of this fuel. The results of this example verify that the method is reliable. 
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Table 1. Ignition time of fuels in Exp.1. 
Samples 1# diesel 2# diesel with spherical explosion 
suppression materials 
3# explosion suppression 
diesel 
Ignition time t1 (ms) 9 72 not ignited 
3.2. Analysis on explosion property 
3.2.1. Size of fireball 
Exp.2 is selected as example and the ignition time of each fuel cloud (t1) was calculated. AutoCAD was used to 
analyze the thermal images which were captured after t1, therefore the maximum diameter of the fireballs (D) were 
calculated, the height (H) and cross-sectional area (S) of fireballs which in the maximum diameters were obtained as 
well[13]. The results are listed in Table 2. 
Table 2. Fireball size. 
Samples Ignition time 
t1˄ms˅ 
Maximum diameter 
D/(m) 
Height of fireballs 
which in the maximum 
diameters h/(m) 
Cross-sectional area of 
fireballs which in the 
maximum diameters S/(m2) 
Diesel 8 7.55 6.33 34.91 
Water-emulsified-diesel         7 6.48 7.78 40.12 
 
Compared with that of the ordinary diesel, the maximum fireball`s diameter of water-emulsified-diesel is slightly 
smaller, however, the height (H) and cross-sectional area (S) were even bigger. These data indicated that the field 
explosion hazardousness of water-emulsified-diesel is not less than ordinary diesel. 
3.2.2. Spreading rate of fireball 
Select the data of Exp 2 as example. The left border of fireballs were tracked after the ignition time by 
ProAnalyst, a software which serve the functions of analysing object`s movements in videos, so that diameters of R2 
and R3 were captured at the time clock of t2 and t3, therefore the spreading rate of fireball`s diameters could be 
calculated by making use of v=(R2-R3)/(t2-t3). The results are shown in Fig. 2. 
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Fig. 2. Spreading rate curve of fireball. 
As shown in Fig. 2, the fireball’s spreading rate of both fuel increased first and reduced afterwards. It was 
obtained that the fireball of water-emulsified-diesel spread faster than that of the diesel during the whole process of 
deflagration which indicated the imperfect safety performance of water-emulsified-diesel therefore the conclusion of 
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chapter 3.2.1 is verified. 
3.2.3. Surface temperature of fireball 
The data of Exp3 was selected as calculation example and the ignition time of each fuel cloud (t1) was calculated 
in order to reduce the interference of heat released by explosion of shell. The images were processed by MikroSpec, 
the onboard software of infrared thermal imager system, therefore the surface temperature changing with time was 
recorded, the maximum surface temperature (Tm) and the maximum average surface temperature (Tavg) of fireball 
were obtained as well and the results were listed in Table 3[13, 14]. The variation of surface temperature of fireball 
with time is showed in Fig. 4. 
Table 3. Surface temperature of fireball. 
Sample Ignition time 
t1/ms 
t/ms 
Tm/ć Tavg/ć 
1000–1250ć 1250–1500ć ≥1500 ć 
Diesel 8   1085 1333 527 1588.9 1264.7 
Explosion-suppression 
diesel 
21 391 62 0 1260.1 1001.9 
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Fig. 3. Variation of surface temperature of fireball with time. 
As shown in Table 3, the fireball`s maximum surface temperature (Tm) and the maximum average surface 
temperature (Tavg) of explosion suppression diesel were both much lower than those of the diesel. The 
explosion-suppression diesel performed even better in the field of high temperature duration: the fireball of 
explosion-suppression diesel maintained surface temperature above 1000ć for 453ms which were significantly 
lower than that of the diesel, 2945ms, beside, the durations of fireball surface temperature range of 1250–1500ć 
and 1000–1250ć respectively fell 95.35% and 96.19%, in comparison to diesel. 
The Fig. 3 shows the variation of surface temperature of fireballs with time. After ignition the fireball surface 
temperature of diesel increased rapidly and maintained at high-temperature stage (above 1200ć) for nearly 2000ms. 
However, the high-temperature stage duration of explosion-suppression diesel was only 200ms and then the fireball 
surface temperature reduced quickly by which the hazardousness of two fuels in this example could be distinguished 
evidently. 
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3.2.4. Radiation intensity of fireball 
The level of explosion could be reflected by thermal radiation intensity of fireball which is an important index in 
explosion hazardousness assessment of fuel liquid[15]. The thermal images from Exp4 were selected as example to 
calculate surface radiation parameters of fireballs. 
According to the Boltzmann’s law 

 7( G                                           (1) 
The radiation intensity of blackbody could be calculated by making use of formula(1) where E0 is the irradiance 
of blackbody, G =5.67×10-8W•m-2•K-4 is the constant of Boltzmann and T0 is the absolute temperature of blackbody. 
In fact, explosion fireball is not ideal blackbody but generally can be regarded as a greybody whose radiation 
intensity can be calculated by formula (2). 
 W7W( HG                                     (2) 
where E is the radiation intensity of greybody, T is the absolute temperature of greybody and H  is the surface 
emissivity which is set as 0.35 in this paper based on the experience of previous tests. 
 W6W(W4                                      (3) 
where Q is the thermal radiation power and S is the surface area of fireball. The radiation parameters were 
calculated by formula 2 and 3, and the results were listed in table 4 where Tavg is the maximum average surface 
temperature and STavg is the surface area of fireball at maximum average surface temperature. 
Table 4. Surface radiation parameters of fireball. 
Samples Tavg/ć STavg/m2  E/W·m-2 Q/W 
Diesel 
869.2 3.1 3.38×104 1.05×105 
Diesel with spherical 
explosion-suppression 
materials 
407.8 1.1 4.29×103 4.72×103 
 
As shown in Table 4, the fireball radiation intensity of diesel with spherical explosion suppression materials was 
mere 12.7% of that of the diesel, while the surface radiation power of the former fuel was about two order of 
magnitude lower than that of the latter one. 
3.3. Analysis on explosion damage 
The explosion damage could be measured by index of damage capacity of fuel tank. Data from Exp3 was 
selected as calculation example and the remains of fuel tanks (shown in Fig. 4) after explosion were analyzed. 
According to the method from GJB767-89[16], the damage capacity of fuel tank was calculated by formula (4). 
 
                                                    (4) 
 
where V is damage capacity, H is the distance between target boards, b is the thickness of target board, D is the 
average damage size of target board. The results are listed in Table 5. 
As shown in Fig. 6 and Table 5, the damage capacity of explosion-suppression diesel was significantly less than 
that of the diesel which revealed the better safety performance and lower explosion hazardousness of the 
explosion-suppression diesel. 
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(a) tank with diesel                  (b) tank with explosion-suppression diesel 
Fig. 4. Remains of fuel tanks. 
Table 5. Damage capacity of fuel tank. 
Samples D1/dm D2/dm V/dm3 
Diesel 2.2 5.1 60.75 
Explosion-suppression diesel 3.4 2.5 37.99 
4. Conclusions 
(1) The explosion fireball is studied through three steps in this method, explosion processes analysis, explosion 
properties calculation and explosion damage assessment. Explosion parameters including status of fuel dispersion, 
ignition time of fuel clouds, fireball size, spreading rate of fireball diameter, fireball surface temperature, radiation 
intensity of fireball and damage capacity of fuel tank are proposed as the basis of hazardousness assessment.  
(2) In practical application, the hazardousness of liquid fuel could be assessed through both single-parameter 
above and multi-parameters combined in this method. 
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